The mechanism of synergistic activity of a combination of ampicillin and dicloxacillin was studied on fl-lactamase-producing Citrobacter freundii GN346 and its derived f,-lactamaseless mutant GN346/16. The 
Synergistic activity of the combination of penicillins or cephalosporins and isoxazolylpenicillins has been well known against f8-lactamaseproducing gram-negative organisms (1, 7,-8, 12-14, 18, 25) . No report is available on the mechanism of the synergistic effect of the combination in a whole-cell system, although isoxazolylpenicillin has been reported to inhibit soluble f8-lactamase activity in a cell-free system (1, 3, 4, 9, 12, 13) .
This report deals with the mechanism of the synergistic activity of a combination of ampicillin and dicloxacillin against a ,B-lactamase-producing strain of Citrobacter freundii and its derived /8-lactamaseless mutant strain, comparing the penetration of single or combined antibiotics into penicillin target sites on the cytoplasmic membrane.
MATERLALS AND METHODS Organisms. The organisms used were C. freundii GN346 and its derived fB-lactamaseless mutant GN346/16 (19) , kindly provided by S. Yamagishi (Faculty of Pharmaceutical Sciences, Chiba University, Chiba, Japan). Ltd., 632-1, Mifuku, Ohito-cho, Tagata-gun, Shizuoka 410-23, Japan.
ochemical Centre (Amersham, England). It had a specific activity of 52 mCi/mmol. Unlabeled penicillin G, ampicillin, and dicloxacillin were supplied by Toyo Jozo Co. Ltd. (Shizuoka, Japan).
Cultivation and preparations ofthe membrane and soluble fractions. Each strain was routinely grown at 37°C in Trypticase soy broth (BBL Microbiology Systems, Cockeysville, Md.) with shaking. The cells were harvested by centrifugation at 6,000 x g for 10 min at about half-maximal growth, which required approximately 3.5 h from a 5% inoculum of the overnight culture. They were thoroughly washed with 50 mM tris(hydroxymethyl)aminomethane-hydrochloride buffer, pH 7.5, containing 1 mM MgCl2 and resuspended in 1/100 of the original culture volume with the same buffer. A portion of these suspensions was used for the f,-lactamase assay of the intact cells. The suspended cells were disrupted with a Super Sonic vibrator (UR-150, Tominaga Works Ltd., Tokyo, Japan), and cell debris was removed by centrifugation at 8,000 x g for 10 min. The membrane fraction was then sedimented by centrifugation at 100,000 x g for 40 min, and the supernatant was used as the soluble fraction as described previously (23) .
Assay for 8-lactamase activities. /i-Lactamase activities were estimated iodometrically by a modification of Perret's method (15 
RESULTS
Synergism of a combination of ampicillin and dicloxacillin. Table 1 shows the antibacterial activities of ampicillin and dicloxacillin alone or in combination against a fl-lactamaseproducing strain, C. freundii GN346, and its derived 8-lactamaseless mutant GN346/16. The former strain was resistant to ampicillin and to dicloxacillin, but the latter strain was susceptible to ampicillin alone. On the other hand, the former strain was susceptible to ampicillin and dicloxacillin in combination. In contrast, the combination did not exhibit synergistic activity against the fl-lactamaseless mutant strain.
Effects of dicloxacillin on ,-lactamase activities. The results in Table 2 show f,-lactamase activities and their inhibition by dicloxacillin. f3-Lactamase activities of intact cells and the soluble fraction from the broken-cell preparation of C. freundii GN346/16 was reduced >500 times in comparison with the parent strain. The membrane fraction from C. freundii GN346 also showed 8-lactamase activity, whereas the activity could not be detected in the membrane fraction from the mutant strain. The /i-lactamase activities of the soluble fractions from both strains were inhibited by the addition of dicloxacillin, as had been previously reported (1), but did not destroy dicloxcillin to any measurable extent (data not shown). The activities of intact cells from both strains and the membrane fraction from the parent strain showed the same results.
Binding of ['4Cjpenicillin G to the membrane fraction. When each suspension of the membrane fraction from C. freundii GN346 and its mutant strain GN346/16 was incubated with various concentrations of [14C]penicillin G for 30 min, the antibiotic was irreversibly bound to both membrane fractions (Fig. 1) . The binding of ['4C ]penicillin G to the membrane fraction from the mutant strain followed saturation-type kinetics, as had been shown earlier with membrane fractions from various organisms (6, 21, 
22, 24)
, and the saturation of penicillin-specific target sites was achieved at approximately 7.5 nmol/ml (Fig. 1B) . On the other hand, the binding to the membrane fraction from the ,B-lactamase-producing strain followed nonsaturationtype kinetics (Fig. 1A) , suggesting that ['4C]penicillin G in the reaction mixture was hydrolyzed by ,B-lactamase in the membrane fraction and could not bind to its specific target sites.
As fl-lactamase activity of the membrane fraction from C. freundii GN346 was inhibited by dicloxacillin, as shown in Table 2 , the effect of dicloxacillin on the binding of ['40]penicillin G was studied (Fig. 2) . The amount bound to the membrane fraction from the parent strain increased with the addition of low concentrations of dicloxacillin, and the optimum concentration of dicloxacillin required for maximum binding under the conditions of the experiment was 5 nmol/ml ( Fig. 2A) . This result showed that the above concentration of dicloxacillin inhibited membrane-bound fi-lactamase activity and that ['4C]penicillin G could bind to its specific targets. On the other hand, the binding ability in the 8i-lactamaseless mutant membrane was reduced by the addition of dicloxacillin (Fig. 2B) .
The binding of [14C]penicillin G to the membrane fraction from the parent strain examined after preincubation with 5 nmol of dicloxacillin per ml followed the same saturation curve as that from the mutant strain (Fig. 1A) . Thus, the following experiment on the binding of [14C]_ penicillin G to the membrane fraction from the parent strain was done after preincubation with 5 nmol of dicloxaci-lin per ml to obtain the maximal amount of binding.
Binding of [14C]penicillin G to the membrane fraction from penicillin-treated cels. Binding of ampicillin to its target sites was determined by measuring the reduction in [14C]-penicillin G-binding to the membrane fraction prepared from cells precultivated with unlabeled ampicillin and dicloxacillin alone and in combination (Table 3) 16, 1979 (16, 17, 26) . A combination of ampicillin and dicloxacillin exhibited a marked synergistic effect against the parent strain. The mechanism of the synergistic activity has been attributed to the fact that dicloxacillin inhibited fi-lactamase activity of the parent strain, as with various f8-lactamase-producing gram-negative organisms (1).
In general, fl-lactam antibiotics are known to be irreversibly and specifically bound to the isolated membrane and inhibit transpeptidase and D-alanine carboxypeptidase activities (2,20). The present investigation revealed that the binding of ['4C ]penicillin G to the membrane fraction from C. freundii GN346/16 followed the same saturation-type kinetics as those from various organisms (6, 21, 22, 24) , and the binding to the membrane fraction from the parent strain was nonspecific. This result suggested that
[I4C]-penicillin G in the reaction mixture was hydrolyzed by the fB-lactamase present in the membrane fraction and could not bind to its specific target sites, whereas it could bind to its specific sites when membrane-bound enzyme activity was inhibited by the addition of dicloxacillin. In fact, the membrane fraction from the parent strain showed fl-lactamase activity, as reported previously in the case of a strain of Bacillus licheniformis (27) , whereas the membrane fraction from the mutant strain did not show fi-lactamase activity. It would be of interest to know whether the membrane-bound filactamase is the same as the soluble enzyme present in the periplasmic space, and this is currently under study.
To demonstrate the synergistic effects of the above combination on growing cells, we showed that precultivation of the cells of C. freundii GN346 with the combination of ampicillin and dicloxacillin reduced the amount of subsequent binding of ['4C ]penicillin G to the membrane fraction from the treated cells, whereas no reduction was observed with precultivation with ampicillin or dicloxacillin separately. In contrast, the amount of binding of ['4C ]penicillin G to the membrane from the mutant strain was reduced by ampicillin treatment alone.
Thus, the present study clearly demonstrates the mechanism of synergistic action of the combination of ampicillin and dicloxacillin; dicloxacillin, a 8-lactamase inhibitor, penetrated through the outer membrane (5) and inhibited ,8-lactamase activity localized mainly in the periplasmic space (10, 11) ; consequently, ampicillin could penetrate through two barriers, outer membrane and periplasmic /3-lactamase, enabling the latter antibiotic to reach and bind to its specific target sites on the cytoplasmic membrane. 
